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OxoanionsThe activity of oxomolybdate(VI) towards hen egg white lysozyme (HEWL) was examined under physiological
and slightly acidic pH conditions. Purely hydrolytic cleavage of HEWL in the presence of 10 to 100 mM of
oxomolybdate(VI) after incubation at pH 5.0 and 60 °C for 2 to 7 days was observed in SDS-PAGE experiments.
Four cleavage sites, which all occurred at Asp-X sequences and included the Asp18-Asn19, Asp48-Gly49,
Asp52-Trp53 and Asp101-Gly102 peptide bonds, were identified with Edman degradation. The molecular inter-
action between [MoO4]
2− and HEWL was studied by circular dichroism (CD) and 1H-15N heteronuclear single
quantum correlation (HSQC) NMR spectroscopy. CD spectroscopy revealed a significant decrease in the α-
helical content of HEWL upon addition of oxomolybdate, while 1H-15N HSQC NMR spectroscopy identified the
residues which were most affected upon interaction with [MoO4]2−. 95Mo NMR measurements, performed on
oxomolybdate solutions containing HEWL, identified the monomeric [MoO4]
2− form as active species in the hy-
drolytic reaction. The hydrolysis of the Asp-Gly model peptide in the presence of oxomolybdate(VI) was studied
by 1HNMR, further supporting a hydrolyticmechanismwhere polarisation of the carbonyl is followed by internal
nucleophilic attack on the Asp residue.
© 2014 Elsevier Inc. All rights reserved.1. Introduction
Selective cleavage of peptides and proteins is one of the most re-
quired andmost important procedures in biochemical and bioengineer-
ing practice. Currently, either proteolytic enzymes or chemical agents
are used to achieve the peptide bond hydrolysis, however, both have
several drawbacks and often lack the required selectivity [1,2]. While
non-specific peptidases generate too small fragments for most bio-
chemical techniques, rather large peptides are obtainedwith costly spe-
cific peptidases. In addition, enzymatic proteins can only be used in
aqueous solution and tuning of their selectivity is not possible [1].
Chemical agents, which in some cases are used as alternative, also suffer
from several shortcomings. The best known agent, CNBr, requires harsh
conditions, results in low yields and causes an irreversible alteration of
the methionine residue where cleavage takes place [3]. Furthermore,
hydrolysis leads to fragments larger than the optimal size for most bio-
medical practices. Therefore, the development of reagents that selec-
tively cleave proteins under mild conditions is still considered as a big
challenge [1]. Since pure organic compounds cannot provide strong
attacking groups required for the hydrolysis at neutral pH in aqueous
solutions, it has been recognized long ago that the presence of metalParac-Vogt).ions can significantly increase the efficiency of synthetic proteases [1].
The efficient hydrolytically active agents require a strong Lewis acidity,
oxophilicity, a high coordination number and fast ligand exchange ki-
netics. Since many transition metals meet these requirements, the de-
sign and synthesis of transition metal complexes that hydrolyse
peptide bonds has become an area of intensive study in recent years.
Salts and complexes of Co(III) [4,5], Cu(II) [6,7], Ni(II) [8], Mo(IV) [9],
Pd(II) [10], Pt(II) [11], Zn(II) [12] and Zr(IV) [S.J. Shealy, K.B. Grant, Ab-
stracts of Papers of the American Chemical Society, vol. 231, 2006, pp.
133] were shown to hydrolyze peptide bonds in dipeptides,
oligopeptides and proteins. The highest selectivity was achieved for
Pd(II) and Pt(II) assisted cleavage at X-Ser/Thr/His andMet-X bonds, re-
spectively, however very low pH values were required for these reac-
tions [10,11]. Hydrolysis at physiological pH was observed in a few
cases including the cleavage of hen egg white lysozyme (HEWL) by
Co(III) salts [4], the hydrolysis of bovine serum albumin and HEWL
upon incubation with a Cu(II) complex [7] and the fragmentation of
tripeptides in the presence of Cp2MoCl2 [9]. While for the former two
cases no clear specificity was reported, anchoring of Cp2MoCl2 to the
thiolate of Cys and consequent promotion of anMo–OH nucleophilic at-
tack towards the amide carbonyl was proposed in case of the
molybdocene induced hydrolysis in short peptides [9]. However, no fur-
ther studies on proteins were reported and so it is not clear whether a
similarmechanismwould occur in largermolecules. In general, efficient
and selective hydrolysis at physiological pH has rarely been achieved
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protease design.
Inspired by several reports on the biological role of oxovanadates
and oxomolybdates, our group has initiated the study of these com-
plexes as potential hydrolytic agents with reactivity towards relevant
biomolecules such as RNA, DNA and proteins. Vanadateswere previous-
ly shown to inhibit several proteolytic enzymes [13]. Furthermore, the
interaction with and photooxidative cleavage of different proteins
were reported in the presence of vanadate upon UV irradiation
[14–18]. Binding of molybdates to nucleotides [19] and ATP [20] result-
ed in the hydrolytic cleavage of carbohydride and phosphoanhydride
bonds, respectively. Interestingly, antitumor activity [21,22] was report-
ed for both oxovanadate and oxomolybdate complexes. Initial studies of
our group have investigated the reactivity of V(V) and Mo(VI)
oxoanions towards DNA and RNA model systems such as 4-
nitrophenylphosphate (NPP), bis-4-nitrophenylphosphate (BNPP) and
2-hydroxypropyl-4-nitrophenylphosphate (HPNP). Hydrolysis of NPP
and BNPP was achieved in the presence of both oxoanions, and the ac-
tive species were identified to be the polynuclear [V10O28]6− [23] and
[Mo7O24]6− [24,25] clusters. The reaction mechanism was studied in
great detail for the latter and incorporation of the substrate into theflex-
ible [Mo7O24]6− structure was shown to lead to ester bond polarisation
and consequent nucleophilic attack by water. Conversion of the active
Mo(VI) species to [P2Mo5O23]6− upon reaction prevented catalytic ac-
tivity [25]. However, catalytic cleavage of HPNP was achieved with the
same [Mo7O24]6− reagent [26] and this substrate was also hydrolyzed
in the presence of oxovanadate [27]. These promising results have en-
couraged us to further investigate the potential of oxovanadate and
oxomolybdate as reactive species towards biological model systems
and recently we have reported the hydrolysis of serine-containing pep-
tides promoted in the presence of oxovanadate and oxomolybdate an-
ions [28,29]. It was shown that polarisation of the carbonyl group of
the residue adjacent to Ser upon binding to the V(V) or Mo(VI) transi-
tionmetal, respectively, led to peptide bondactivation, facilitating an in-
ternal attack of the hydroxyl group of the Ser residue. The reaction was
proven to be purely hydrolytic in nature, demonstrating the first exam-
ple of hydrolytic peptide bond cleavage promoted by negatively charged
oxoanions. While previously reported hydrolytically active metal-
substituted polyoxotungstate reactivities towards proteinswere relying
on the Lewis acidity of an incorporated metal ion [30,31], the demon-
strated reactivity in the current paper originates from the oxomolybdate
structure itself.
In this paperwe further study the reactivity of oxomolybdate(VI) to-
wards HEWL in order to explore the ability of oxoanions to hydrolyze
larger biomolecules. Hydrolysis of HEWL, a protein consisting of 129
amino acids was examined under neutral and slightly acidic pH condi-
tions and the molecular interaction between oxomolybdate(VI) and
HEWL was studied by several complementary techniques.
2. Experimental section
HEWL and sodiummolybdate were purchased from Acros and used
without further purification. The primary structure of HEWL is a single
polypeptide chain of 129 amino acids with a molecular mass of approx-
imately 14.3 kDa [32].
1H NMR spectra were recorded on a Bruker Avance 400
(400.13 MHz) spectrometer. Solutions containing HEWL (1 mM) were
prepared in D2O and the pD of the solution was adjusted with DCl/
NaOD to achieve a pD value of 5 (based on pD = pH value + 0.41).
The sample was measured both at room T and 60 °C after dissolving,
heated for 3 days at 60 °C andmeasured again both at roomT and 60 °C.
SDS-PAGE was carried out to visualize the hydrolytic activity. Sam-
ples of 1.5 mL containing 1 μg/μL (0.07 mM) of HEWL and 0, 10, 20, 50
and 100 mM of oxomolybdate(VI) were incubated at pH 5.0 or 7.0 and
60 °C in the presence or absence of light. Sample aliquots of 100 μL
were taken after 2, 4 and/or 7 days. An OmniPAGE electrophoretic cellwas combined with an EV243 power supply (both produced by Con-
sort) at 200 V for 1.5 h. SDS-PAGE gels were stained with silver and an
image of each gel was taken with a GelDoc EZ Imager (Bio-Rad).
SDS-PAGE gels were blotted onto a polyvinylidene fluoride (PVDF)
membrane, the bands were cut after the membrane was stained,
destained and rinsedwithwater. The bandswere subjected to automat-
ed NH2-terminal amino acid sequence analysis [33] (Procise 491 cLC
protein sequencer, Applied Biosystems, Foster City, CA) based on the
Edman degradation reaction as described in the publication cited above.
1H NMR spectra were recorded on a Bruker Avance 400 (400.13
MHz) spectrometer at 293 K. Samples of 500 μL containing 2 mM of
aspartyl-glycine (Asp-Gly) in the absence or presence of 120 mM of
oxomolybdate(VI) were incubated at pD 5.0 or 7.0. The pD value was
adjusted with DCl and NaOD in D2O. The pH-meter reading was
corrected by the equation: pD = pH + 0.41 [34]. As an internal refer-
ence, 0.5mMof 3-trimethylsilyl-1 propionic acidwas used. The samples
weremeasured directly aftermixing and at different reaction times, and
kept at 60 °C between measurements.
95Mo NMR spectra were recorded on a Bruker Avance 600
(39.110 MHz) spectrometer at 293 K. Samples of 3 mL containing
30 mM of oxomolybdate(VI) in the absence or presence of 1.5 mM
HEWL were measured after mixing and adjustment of the pD to a
value of 5.0. The pD value was adjusted with DCl and NaOD in D2O. The
pH-meter reading was corrected by the equation: pD= pH+ 0.41 [34].
CD (circular dichroism) spectroscopy experiments were performed
with a JACSO J-810 spectropolarimeter. Far UV spectra were recorded be-
tween 200 and 260 nm at 20 °C by using 1 mm quartz cells. Samples of
3 mL containing 5 μM of HEWL and 0 to 200 μM of oxomolybdate were
prepared in acetate buffer (100mM)at pH5.0 andmeasured aftermixing.
15 N-1H HSQC (heteronuclear single quantum correlation) spectra
were recorded on a Bruker Avance 600 (600.13 MHz) spectrometer at
293 K. For the acquisition of the HSQC spectra, 768 scans were collected
for each FID, using the ‘hsqcetf3gf’ pulse programme with 512 data
points in the F1 dimension and 3072 data points in the F2 dimension
with spectral width of 2128 Hz (15N) and 9615 Hz (1H). Samples of
500 μL containing 1 mM of HEWL in the absence and presence of
4 mM of oxomolybdate(VI) and a pH of 5.2 in 10% D2O were measured
after mixing. The pH value was adjusted with HCl and NaOH.
3. Results and discussion
3.1. Hydrolysis of HEWL promoted by molybdate(VI)
Solutions of 1.0 μg/μL (0.07 mM) of HEWL were incubated with so-
dium molybdate at pH 5.0 and 60 °C during 2, 4, and 7 days. Since the
melting of HEWL was shown to occur only at about 75 °C, the protein
structure is expected to be stable at 60 °C [35]. However, to ensure the
stability of HEWL at 60 °C and after incubation, 1H NMR spectra of the
protein were measured both at room temperature and 60 °C after dis-
solving at pD 5 as well as incubation at pD 5 and 60 °C during 3 days
(Figure S1). Although some temperature effects occurred, the character-
istic peaks below 0 ppm which are indicative of protein folding [30],
were observed under all mentioned conditions. Therefore, it can be as-
sumed that HEWL is stable at 60 °C, also after incubation during longer
periods. The concentrations of oxomolybdate(VI) in the reaction mix-
tures were ranging from 10 to 100 mM. The SDS-PAGE experiments
were carried out after 2, 4, and 7 days and the results are shown in
Fig. 1. Two fragments with a molecular mass of ~12 and 9 kDawere ob-
served for all samples containing different concentrations of
oxomolybdate(VI). The intensity of these two bands increased with in-
creasing incubation time. The sum of the molecular mass of the two
bands is significantly larger than the molecular mass of HEWL
(14.3 kDa), suggesting that they result from the cleavage at two specific
sites of HEWL. The smaller fragments produced by the cleavage at these
two sites should have masses of ca. 2 and 5 kDa, which are too low to
detect on SDS-PAGE since they migrate together with the dye front.
Fig. 1. SDS-PAGE of HEWL. Hydrolysis of 1.0 μg/μL (0.07 mM) of HEWL in the presence of oxomolybdate(VI) (10, 20, 50, and 100 mM) after 2, 5, and 7 days at pH 5.0 and 60 °C.
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dependent on the starting concentration of molybdate, the identical
cleavage sites observed in all experiments indicate that the same type
of oxoanion is the hydrolytically active species in all cases. Hydrolysis
of HEWL was also observed in the presence of oxovanadate, however,
the reactivity was considerably lower in this case.
The brown bands that appeared at the bottom of the gels were only
detected in the samples where oxomolybdate(VI) is present. To test the
origin of these bands, a control sample containing only the sodiummo-
lybdate solution and no HEWL was used in a similar SDS-PAGE experi-
ment (data not shown). As expected, the brown band also appeared,
confirming that these bands do not originate from protein fragments
but are due to the presence of molybdate. These are most likely prod-
ucts formed in the reaction between oxomolybdate(VI) and dithiothre-
itol (DTT) which is present in the sample buffer used for the SDS-PAGE
experiments [36].
Solutions of 1.0 μg/μL (0.07 mM) of HEWL were also incubated at
pH 7.0 in the presence of oxomolybdate(VI) with concentrations rang-
ing from 10 to 100 mM at 60 °C. SDS-PAGE was carried out after 2 and
7 days as shown in Fig. 2, and interestingly the same fragment with a
molecular mass of about 12 kDa was observed. Although a fragment of
similar size was observed as in the reaction performed at pH 5.0, the re-
action at higher pH appeared to be much slower.
As previous studies have shown that photoradiation ofmolybdate so-
lutions can result in reduction of oxomolybdate anions and can lead to
the formation of reactive species, the effect of visible light radiation was
also examined [37–41]. Therefore, solutions of 1.0 μg/μL (0.07 mM) of
HEWL were incubated with 20 mM of oxomolybdate(VI) at pH 5.0 and
60 °C and either left in the daylight or kept in the dark. After 2 days,
SDS-PAGE was carried out and the results are shown in Fig. 3. As can be
seen from the gels, there was no difference between these samples, sug-
gesting that the cleavage of HEWL promoted by oxomolybdate(VI) is not
photo-oxidative in nature. Furthermore, the Edman degradation experi-
ments (vide supra) unambiguously proved that the cleavage was hydro-
lytic in nature. These hydrolytic reactions occur at slower rates as
compared to the photo-oxidative cleavage of different proteins in
the presence of vanadate, where half lives of only few minutes were ob-
tained for comparable or up to 50 times lower oxometalate/protein ratios
[16,42]. However, the cleaved polypeptide fragments resulting from oxi-
dative cleavage are difficult to identify by Edman degradation [16] and ingeneral less useful in biochemical and biomedical procedures which re-
quire protein fragmentation.
3.2. Identification of the hydrolysis sites
The peptide fragments resulting from the HEWL hydrolysis in
the presence of oxomolybdate(VI), were identified by western
blot and subsequent NH2-terminal Edman degradation analysis of
a minimum of 5 residues. Fragments with the LysValPheGlyArg
NH2-terminus of HEWL (at ~12 kDa and b5 kDa) or one of the fol-
lowing NH2-terminal sequences were obtained: AsnTyrArgGlyTyr
(at ~ 12 kDa), GlySerThrAspTrp (at ~ 9 kDa), TrpGlyIleLeuGln (at
~ 9 kDa) and GlyAsnGlyMetAsn (at b 5 kDa). From these results
four cleavage sites at the Asp18-Asn19, Asp48-Gly49, Asp52-
Trp53 and Asp101-Gly102 peptide bonds were identified. Hydroly-
sis at these positions results in four pairs of fragments with molec-
ular masses of about 2.0/12.3, 5.4/8.9, 5.8/8.5 and 11.1/3.2 kDa,
respectively. These results are in good agreement with the esti-
mated masses of 12 and 9 kDa on the low resolution gels in
Fig. 1, as both bands seem to contain two fragments of around
12.3/11.1 and 8.9/8.5 kDa, respectively.
Strikingly, all four cleavage sites in HEWL occurred at an Asp-X amide
bond. The previous studies on oxomolybdate(VI) promoted hydrolysis of
dipeptides have indicated that the oxoanion has high affinity towards hy-
drolysis of X-Ser bonds, and interestingly bothmechanisms of hydrolysis
are characterized by the requirement of side chain assistance in the hy-
drolysis of the adjacent peptide bond. In the hydrolysis of X-Ser dipep-
tides, higher reaction rates were observed due to an N → O acyl
rearrangement and internal attack on the Mo(VI) polarized carbonyl.
Similar internal nucleophilic attack is known in Asp residues, leading to
Asp-X peptide bond hydrolysis [43]. Polarisation of the carbonyl in the
presence of oxomolybdate(VI) and consequent internal nucleophilic at-
tack can lead to the observed Asp directed hydrolysis as shown in Fig. 4.
Polarisation of the carbonyl of the Asp residue might be in competition
with coordination to the carboxyl of the Asp side chain in accordance
with a proposed interaction between vanadate and phosphoenolpyr-
uvate [44]. However, the latter interaction will not lead to hydrolysis of
the peptide bond. Previous studies have shown that the carbonyl coordi-
nation hydrolysis mechanism is favoured at pH values below 6.0 and it is
in part responsible for the known labile properties of Asp containing
Fig. 2. SDS-PAGE of HEWL. Hydrolysis of 1.0 μg/μL (0.07 mM) of HEWL in the presence of oxomolybdate(VI) (10, 20, 50, 100, and 150 mM) after 2 and 7 days at pH 7.0 and 60 °C.
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shown to be dominant over succinimidyl peptide formation, which
also occurs at pH values below 6.0, formation of iso-Asp, D-Asp and D-
iso-Asp species are more favourable reactions above pH 6.0 as compared
to the peptide bond hydrolysis pathway. The pH dependence of the nu-
cleophilic attack of theAsp side chain onAsp-Xpeptide bonds can explain
themuch faster rate of HEWL hydrolysis observed at pH 5.0 as compared
to pH 7.0, as well as the low reaction rate which was previously reported
for Asp-Ala hydrolysis in the presence of oxomolybdate(VI) at pH 7.0
[28]. Furthermore, the different pH conditions as well as changes in the
pKa of side chain residues in proteins might explain the distinct selectiv-
ities in dipeptide versus protein targets.
In order to gain more insight into the ability of oxomolybdate(VI) to
cleave Asp-X peptide bonds, the hydrolysis of the dipeptide Asp-Glywas
investigated at 60 °C and pD 5.0 and 7.0, both in the absence and
presence of oxomolybdate(VI). The reactions were conveniently follow-
ed by 1H NMR spectroscopy since the peaks corresponding to the CH ofFig. 3. SDS-PAGE of HEWL. Hydrolysis of 1.0 μg/μL (0.07 mM) of HEWL in the presence
of 20 mM of oxomolybdate(VI) after 2 days at pH 5.0 and 60 °C in the absence (lane 1
and 2 — replicas) and presence (lane 3 and 4 — replicas) of light.the Asp residue in Asp-Gly (~4.25 ppm) as well as the peak correspond-
ing to the free Gly, which is the reaction product (~3.98 ppm), werewell
separated throughout the reaction. Integration of the proton resonances
allowed for calculation of the hydrolysis rate constants at the different
conditions, which are presented in Table 1. The labile character of the
Asp-Gly bond is reflected by the high degree of background cleavage
both at pD 5.0 and 7.0. However, the rate of Asp-Gly hydrolysis at pD
5.0 is increased by 40% upon addition of oxomolybdate(VI), while no en-
hancement is observed at pD 7.0, which is in agreement with the earlier
proposed mechanism. While only 3% hydrolysis of Asp-Ala (2 mM) was
reported in the presence of 120 mM of oxomolybdate(VI) at 60 °C and
pD 7.0 after 60 h in a previous study [28], 10% conversion of Asp-Gly
was observed under the same conditions in the present study. It should
be noted in this regard that a considerable influence of the adjacent res-
idue was reported for the rate of Asp-X hydrolysis. The highest conver-
sion rates were observed for Asp-Gly hydrolysis, followed by the
peptides Asp-Pro, Asp-His and Asp-Ser [43]. In general, Asp-X bonds
are stabilized in the protein structure, as reflected by the fact that protein
fragmentation was not detected in the absence of oxomolybdate(VI)
while considerable background cleavagewas observed for the hydrolysis
of Asp-Gly in the absence of oxomolybdate(VI).
Monomeric oxomolybdate was previously identified as the active
species in dipeptide bond hydrolysis by detailed kinetic experiments
[28]. The monomeric [MoO4]2− was also shown to coordinate to the
tripeptide glycylglycylglycine [45]. In contrary, no studies reporting on
peptide or protein interactionswith [Mo7O24]6− are known, and our ex-
periments also donot give evidence for this interaction. The [Mo7O24]6−
has been previously reported to promote phosphodiester bondhydroly-
sis, a process which occurs via partial detachment of an MoO4 unit and
the incorporation of the structurally analogous phosphoester substrate
into the polyoxometalate structure. Due to the lack of any structural re-
semblance with MoO4, this process is unlikely to occur with peptides
and proteins [28]. However, as the speciation of oxomolybdate anions
is highly dependent on temperature, pH and concentration, it is inter-
esting to consider the species distribution under reaction conditions of
pH 5.0 and 7.0. In general, high pH and low concentrations ofmolybdate
favour [MoO4]2− in solution, while low pH and high concentrations fa-
vour the formation of polyoxoanions. We have previously developed a
thermodynamic model, which allowed us to calculate the percentage
Fig. 4. Schematic representation of the Asp assisted peptide bond hydrolysis in the presence of molybdate(VI).
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The formation constants of the different oxomolybdate species at
50 °C were used to estimate the [MoO4]2− percentage in 10, 30 and
100 mM solutions at pH 5.0 and 7.0, respectively (Table 2). The calcula-
tions reveal that under all conditions the [MoO4]2− anion is present in
solution, although its concentration ranges from ca. 9.8 to 23 mM in
10 to 100mMsolutions, respectively. However, since theHEWL concen-
trations in the hydrolysis experiments were in the order of 1 μg/μL
(0.07 mM), the active [MoO4]2− species is always in large excess with
respect to HEWL. Furthermore, a 95Mo NMR measurement of
molybdate(VI) in the presence of HEWL indicates slight shifting and se-
vere broadening of the characteristic [MoO4]2− peak as shown in Fig. 5
which presumably are caused by interactions with the protein. Similar
effects were previously observed for interaction between vanadate
and protein molecules. Different vanadate species were observed in
51V NMR and peak shifting, intensity decrease and broadeningwere ob-
served for two peaks, in accordance with those vanadate species
interacting with tubulin [39]. Interestingly, the peaks of the polyoxo
forms could not be detected in the 95Mo NMR spectrum of a 30mM so-
lution either due to the excessive broadening in the presence of HEWL
or because the equilibrium between [MoO4]2− and [Mo7O24]6− is fully
shifted to the [MoO4]2− form upon addition of HEWL.3.3. Interactions of oxomolybdate(VI) with HEWL
3.3.1. CD spectroscopy
CD spectroscopywas further used to gain information about the sec-
ondary structure of HEWL in solution. The secondary structure content
can be determined by CD spectroscopy in the far-UV spectral region as
α-helices have two minima at 208 and 222 nm, while β-sheets have aTable 1
Asp-Gly hydrolysis rate constants in the absence and presence of oxomolybdate(VI) at pD
5.0 and 7.0 and 60 °C.
Asp-Gly+ pD kobs (s−1) t1/2 (h)
/ 5.0 1.68 × 10−6 114.5
molybdate(VI) 5.0 2.34 × 10−6 82.3
/ 7.0 0.87 × 10−6 220.4
molybdate(VI) 7.0 0.84 × 10−6 228.8single minimum at 215 nm. CD spectroscopy was previously applied
as a method to study POM-protein interactions [46–49].
HEWL mainly consists of α-helices and only contains a small β-plate
region, which is reflected in a CD spectrum with minima at 208 and
222 nm, characteristic for α-helical structure content. Solutions contain-
ing 5.0 μM of HEWL and varying concentrations of oxomolybdate(VI)
(ranging from 0 to 200.0 μM) were prepared in acetate buffer
(100 mM) at pH 5.0. As can be seen in Fig. 6, the CD signal intensity
gradually decreases upon the addition of increasing amounts of
oxomolybdate(VI). The changes in CD spectra suggest that interactionbe-
tween oxomolybdate(VI) and HEWL takes place in solution which leads
to the loss of α-helical structure content of HEWL. In a previous study
on the hydrolysis of HEWL in the presence of the heteropolyoxometalate
Ce(IV)-Keggin, a similar decrease in α-helical structure content was ob-
served upon addition of 1 equivalent of the polyoxometalate complex.
However, as can be seen in Fig. 6, an increase in the oxomolybdate(VI)
concentration causes a gradual decrease in theα-helix content indicating
multiple electrostatic interactions between oxomolybdate(VI) and the
protein. Furthermore, the deformation of the peaks at the largest
oxomolybdate(VI) concentrations is indicative of denaturation of the
protein.3.3.2. 1H-15N HSQC
The interaction of oxomolybdate(VI) with HEWLwas further exam-
ined by 1H-15N HSQC NMR spectroscopy. Measurement of the 1H-15N
HSQC spectrum of HEWL in the absence and presence of the
oxometalate provides information on the shifting of amino acid resi-
dues and thus the positions where interaction with oxomolybdate(VI)
takes place. 1H-15N HSQC spectra were recorded on a 1.0 mM HEWL
sample in the absence and in the presence of 3.0 mM of Na2MoO4. TheTable 2
Molybdate(VI) speciation in 10, 30, and 100 mM solutions at pH 5.0 and 7.0.
[MoO4]2− (initial) [MoO4]2− (equilibrium) % [MoO4]2−
pH 5 10 mM 9.8 mM 98%
30 mM 17 mM 59%
100 mM 23 mM 23%
pH 7 10 mM 10 mM 100%
30 mM 30 mM 100%
100 mM 100 mM 100%
Fig. 5. 95Mo NMR spectrum of 30 mM of oxomolybdate(VI) in the presence of 1.5 mM of HEWL at pD 5.0 (bottom) as compared to a reference spectrum of sodium molybdate at high
concentration and pD 10 where only the [MoO4]2− is expected to be present (top). The shifting and severe broadening of the peak occur due to interactions with the protein.
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lated by the following equation:
Δδ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔδHð Þ2 þ
ΔδNð Þ2
25
s
where ΔδH is the difference in the 1H amide resonance before and after
ligand addition, while ΔδN is the 15N difference of the amide resonance
before and after ligand addition. Δδ is the chemical shift perturbation
(CSP) upon binding of the ligand, oxomolybdate(VI) in this case. The
CSP value allows the determination of the relative strength of interac-
tion between an amino acid residue and the ligand (Table 3).
By overlapping the 1H-15N HSQC NMR spectrum of HEWL in the ab-
sence of oxomolybdate(VI) with the one recorded in the presence of
oxomolybdate(VI), all the shifted peaks could be assigned. Upon visual-
isation of the observed shifts as well as the hydrolysis sites as shown in
Fig. 7, it is obvious that shifts occur at distinct positions as well as in the
surroundings of these sites. Small shifts are observed for residues Asp52,
Trp53 and Gly102, which are located in the immediate vicinity of theFig. 6. CD spectra of 5.0 μM of HEWL in the presence of different concentrations of
oxomolybdate(VI) (0→ 200.0 μM:bottom→top) in 100 mM acetate buffer at pH 5.0.cleaved peptide bonds. No shifting was seen for residues Asp18, Asn19,
Asp48, Gly49 and Asp101, however, several side chains surrounding
these positions are affected by the addition of oxomolybdate(VI). From
these results, higher preference for interaction at the Asp52-Trp53 and
Asp101-Gly102 peptide bonds might be expected. In addition to the
shifts observed in the vicinity of the cleavage sites, several other shifts
were also observed suggesting that only certain interactions can cause
peptide bond hydrolysis. Medium to large CSPs were observed for the
side chains of most solvent accessible Arg residues. These interactions
are most likely electrostatic in nature as they occur between the side
chain of Arg residues, containing a positively charged guanidinium
group, and the negatively charged molybdate. Although a shift was
seen for Ser36, cleavage did not occur at neighbouring peptide bonds
as this residue is distant from any of the hydrolysis positions in the 3D
HEWL structure. None of the nine remaining Ser residues were shifted.
Since two Ser residues, Ser50 and Ser100, are located near the Asp48-
Gly49 and Asp52-Trp53 hydrolysis sites, assistance of these residues
could be anticipated in accordance with the previously described Ser
side chain N→ O acyl rearrangement mechanism [28]. However, since
no shifting was observed for either of both residues, the proposed Asp
side chain assistance mechanism is the most likely to occur also at
these positions. Modelling and docking studies are required to gain
more detailed understanding of differences in interaction and reaction
with dipeptide versus protein targets.
3.4. Selectivity of the hydrolysis
The SDS-PAGE and Edmandegradation experiments clearly indicated
that oxomolybdate selectively hydrolyzes HEWL at four distinctTable 3
Relationship between CSP (Δδ) and interactions [50].
Δδ Interaction
b0.015 No
0.015–0.025 Small
0.025–0.05 Medium
N0.05 Large
Fig. 7. 1H, 15 N HSQC chemical shift perturbations (CSP) for HEWL resonances in the presence of 3 equivalents of oxomolybdate(VI). Shifted residues are schematically represented on the
cartoon visualisation of HEWL in the inset (residues with medium shifts as yellow spheres and residues with small shifts as green spheres). The hydrolysis positions are presented in red,
small shifts are seen for Asp52, Trp53 and Gly102, these are shown as red spheres.
79K. Stroobants et al. / Journal of Inorganic Biochemistry 136 (2014) 73–80positions having an Asp-X sequence. Visualisation of the cleavage sites
occurring at the Asp18-Asn19, Asp48-Gly49, Asp52-Trp53 and Asp101-
Gly102 peptide bonds on the three-dimensional structure of HEWL
shows that all four positions are located in solvent accessible loops. The
loops containing the Asp18-Asn19 and Asp101-Gly102 peptide bonds
are found in the α-helical part of the structure, while the Asp48-Gly49
and Asp52-Trp53 peptide bonds are located near the small β-sheet re-
gion of HEWL. Interaction in the α-helical region is clearly evidenced in
the CD spectra through the decrease in α-helical structure content
upon addition of increasing amounts of oxomolybdate(VI) to the
HEWL solution. Furthermore, several shifts in the 1H, 15N HSQC NMR
spectra were observed in the α-helical region of HEWL. Although bind-
ing effects in the β-sheet part of the structure could not be deduced
from the CD spectroscopy data direct shifts of Asp52 and Trp53 were
seen in the 1H, 15N HSQC NMR experiments.
While in previous studies with dipeptides, whichwere performed at
neutral pH, Gly-Serwas identified as themost favourable bond to be hy-
drolyzed in the presence of oxomolybdate(VI), only Asp-X bonds were
efficiently hydrolyzed in the reaction with HEWL. In these studies,
[MoO4]2−was identified as the active oxomolybdate(VI) species and al-
though it is not the most abundant species at pH 5.0 at all studied con-
centrations, it is likely to be the active species also in these protein
hydrolysis reactions. The preferential hydrolysis of Asp-X bonds at
pH 5.0 presumably is a consequence of the higher labile character of
these bonds in acidic conditions. A 100-fold faster cleavage of the Asp-
Gly bond compared to other peptide bonds was reported in dilute
acids [43]. The interaction of oxomolybdate with the carbonyl oxygen
leads to polarisation of thepeptide bond thus facilitating the subsequent
nucleophilic attack by a hydroxyl group [28]. The importance of
oxomolybdate in the hydrolysis mechanism has also been experimen-
tally proven, as for control experiments no hydrolysis was observed ei-
ther in peptides or in HEWL in the absence of oxomolybdate.
4. Conclusions
In this studywe report the first example of purely hydrolytic protein
cleavage promoted by an oxomolybdate ion. The cleavage of HEWLwas
shown to be remarkably selective for Asp-X sequences, and occurred at
the Asp18-Asn19, Asp48-Gly49, Asp52-Trp53 and Asp101-Gly102
peptide bonds. Previous studies with dipeptides have shown thatoxomolybdate(VI) has high affinity towards the hydrolysis of X-Ser
bonds. For both mechanisms side chain assistance and polarisation of
the carbonyl bond by oxomolybdate are essential. However, while in
the hydrolysis of X-Ser dipeptides, an N→ O acyl rearrangement and
an internal attack of the Ser side chain hydroxide on the carbon atom
of the peptide bond occur, in Asp-X peptide bond hydrolysis an internal
attack of the Asp side chain hydroxide on the peptide bond causes for-
mation of a cyclic anhydride with release of the C-terminal peptide
and followed by hydrolysis of the anhydride to the N-terminal peptide.
The interaction between oxomolybdate and HEWL leads to significant
decrease in the α-helical structure content of the protein, consistent
with the interaction near the cleavage sites. 1H,15NHSQCNMR spectros-
copy measurements revealed that not only residues in the immediate
vicinity of the four cleavage sites were affected upon addition of
oxomolybdate, but that Arg side chains were also implicated in the
binding. The latter interactions are presumably electrostatic in nature
and occur between the negatively charged oxomolybdate anion and
the positively charged guanidinium group of the Arg side chains. Fur-
ther experiments, including docking studies, will be needed in order
to fully elucidate the mechanism of this novel reaction.
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